ABSTRACT Swarming bacteria use kin discrimination to preferentially associate with their clonemates for certain cooperative behaviors. Kin discrimination can manifest as an apparent demarcation line (a region lacking cells or with much lower cell density) between antagonist strains swarming toward each other. In contrast, two identical strains merge with no demarcation. Experimental studies suggest contact-dependent killing between different strains as a mechanism of kin discrimination, but it is not clear whether this killing is sufficient to explain the observed patterns. Here, we investigate the formation of demarcation line with a mathematical model. First, using data from competition experiments between kin discriminating strains of Myxococcus xanthus and Proteus mirabilis, we found the rates of killing between the strains to be highly asymmetric, i.e., one strain kills another at a much higher rate. Then, to investigate how such asymmetric interactions can lead to a stable demarcation line, we construct reaction-diffusion models for colony expansion of kin-discriminatory strains. Our results demonstrate that a stable demarcation line can form when both cell movement and cell growth cease at low nutrient levels. Further, our study suggests that, depending on the initial separation between the inoculated colonies, the demarcation line may move transiently before stabilizing. We validated these model predictions by observing dynamics of merger between two M. xanthus strains, where one strain expresses a toxin protein that kills a second strain lacking the corresponding antitoxin. Our study therefore provides a theoretical understanding of demarcation line formation between kin-discriminatory populations, and can be used for analyzing and designing future experiments.
INTRODUCTION
Social interactions between microorganisms influence their fitness in many biological phenomena, such as biofilm formation, collective migration, cooperation in foraging, division of labor, and developmental aggregation (1, 2) . Many of these social behaviors rely on the ability of cells to identify self and exclude nonself to form groups of related individuals (3) (4) (5) (6) (7) (8) (9) . A prime example of social behavior is developmental aggregation in Myxococcus xanthus (10-14) and Dictyostelium discoideum (9, 15, 16) , during which cells come together to form a fruiting body where cells sporulate. Notably, when aggregation experiments are performed with a mixture of two strains, sporulation efficiency can decrease in both strains (13, 17, 18) . This decrement is the result of antagonism between the strains, referred to as kin discrimination (13) . In bacteria that are capable of swarming (i.e., collectively spreading on surfaces), kin discrimination can be evident in the form of a demarcation line (a region devoid of cells) formed in-between swarms of two approaching colonies (3, 12, (19) (20) (21) (22) (as shown in Fig. 1 A) . In contrast to this, the colonies of most genetically identical or closely related strains merge on encounter with no such demarcation line (as shown in Fig. 1 B) . Kin-discriminatory demarcation lines have been observed in many species, including Proteus mirabilis (3, 19, 22) , Bacillus subtilis (20, 21) , M. xanthus (12, 13) , and Pseudomonas aeruginosa (23) . In natural environments, this mechanism may allow diverse strains to coexist in distinct niches and provide protection from resource competition or exploitation by other strains.
Kin discrimination phenomenon was first reported in the bacterium P. mirabilis and the demarcation line formed between different strains is referred to as the Dienes line (19) . This behavior has been associated with cell contact-driven antagonistic interactions. When swarms of two different P. mirabilis clinical isolates come into physical contact, cells from one swarm transition from an elongated state to a round, low-viability state (22) . This interaction leads to the decrease in cell density at the point of strain contact and the appearance of the Dienes line. In contrast, when swarms of identical strains meet and merge, round cells do not appear and the Dienes line is not observed. In other kin-discriminatory strains of P. mirabilis, the Dienes line appears without the formation of round cells (24) . In this case, it is caused by cell death via contact-based delivery of lethal effectors through a type VI secretion system.
Formation of the demarcation line between nonidentical strains has also been associated with contact-dependent antagonism in other bacteria, such as M. xanthus (12, 18) and B. subtilis (20, 21) . For M. xanthus environmental isolates, Rendueles et al. (18) ruled out several plausible discrimination mechanisms observed for Paenibacillus dendritiformis (25) (26) (27) , such as growth inhibition, cell death, and motility slowdown by diffusible toxins. With several additional experiments, Rendueles et al. (18) concluded that the underlying mechanism behind discrimination is contact-dependent antagonism between the environmental isolates analogous to that in P. mirabilis. In the same fashion, experimental evidence points to cell contact-dependent antagonism in B. subtilis. At the interface, where nonidentical B. subtilis swarms met, the number of dead cells was greater than at the interface between the related swarms (20) . In both M. xanthus and B. subtilis, the molecular mechanism of the antagonism involves cell-contact exchange of polymorphic toxins that cause the death of cells lacking immunity proteins (11, 21, 28, 29) . Such cognate toxin-immunity protein pairs are used for cell contactdependent killing of competing species by many bacteria, including Salmonella typhimurium (30), Vibrio cholerae (30,31), P. aeruginosa (30, 32) , Caulobacter crescentus (33), and Escherichia coli (34) .
In addition to the above-described lethal interactions, kin discrimination between the swarms of nonidentical strains requires cell-cell recognition mechanisms (4, 35, 36) . These mechanisms prevent lethal interaction between identical cells, but allow such interactions between cells from different strains. For example, kin discrimination in P. mirabilis is regulated by three gene clusters (tss, idr, ids), where the first gene cluster (tss) encodes the transport apparatus that delivers cytotoxins encoded by the second gene cluster (idr) (3, 36) . The third gene cluster (ids) is not required for antagonism against nonidentical strains, but is required for nonlethal interactions with the parental strain (3) . Similarly, in M. xanthus, cell-cell recognition is managed by the TraA cell surface receptor that identifies other cells having the same surface receptor (4, 11) . On recognition, cells discriminate another strain by outer membrane exchange of SitA lipoprotein toxins, which are polymorphic and widespread in myxobacteria (35) .
Despite a large number of experimental studies, a mechanistic understanding of demarcation line formation or avoidance of merger between colonies of nonidentical strains is lacking. It is not clear whether the antagonism between the nonmerger strains is sufficient to explain the observed patterns of kin discrimination. Further, the cellular dynamics at the formed demarcation line are unknown. For instance, it is unclear whether the demarcation line is a dynamic pattern resulting from a balance of cell growth and motility with cell death, or a stationary pattern resulting from transient cell death followed by inhibition of cell growth and motility. Despite the selective killing of one P. mirabilis strain by another (22, 24) and strong frequency-dependent killing between M. xanthus strains (18) , it is unclear why the formed demarcation line remains stable, i.e., does not completely swipe through the weaker strain. From an ecological point of view, the formation of such a stable demarcation line not only helps in directing cooperative behaviors in related strains, but also maintains population diversity by allowing nonidentical strains to exist (by preventing the extinction of a competitively weaker strain) in spatially separated regions (18) . Theoretical modeling may address these intriguing questions and help to guide future experimental studies.
In this study, we develop a mathematical model uncovering the mechanisms and stability of demarcation line formation. First, we estimate the contact-dependent killing rates between strains of two swarming bacteria, M. xanthus and P. mirabilis, by using experimental results of competition between the strains of these bacteria. Thereafter, we use these estimated killing rates to investigate the temporal dynamics of demarcation line formation between two spatially separated, growing bacterial colonies. Using a system of partial differential equations describing colony expansion dynamics, we study demarcation line formation by making different hypotheses about the cell motility and growth dependence on nutrients motivated by the existing experimental observations (37) (38) (39) (40) . As a result, we identify conditions required for the formation of stable demarcation line between colonies approaching each other. Our modeling predicts that nutrient depletion mediates the formation of stable demarcation line between antagonizing bacterial colonies. Furthermore the model explains the temporal change in the number of dead cells during the formation of the demarcation line. To validate our model predictions on the role of nutrient depletion, we perform colony merger experiments between two M. xanthus colonies with different initial separation distances. The results are in qualitative agreement with our model predictions.
MATERIALS AND METHODS

Experimental procedures and strains
M. xanthus cultures were grown and maintained in CTT media (1% casitone, 10 mM Tris (pH 7.6), 8 mM MgSO 4 , and 1 mM KH 2 PO 4 ). For demarcation experiments, liquid cultures were grown to log phase at 33 C with shaking, washed with TPM buffer (CTT without casitone), and resuspended to a concentration of 1.5 Â 10 9 cells/ml À1 . Two 3 ml spots of the cell suspension were then spotted adjacent to one another at initial distances of 0.5 and 4 mm on demarcation media (0.5% casitone, 0.1% glycine, 0.1% serine, 0.1% alanine, 2 mM MgSO 4 , 1 mM CaCl 2 , 1.0 mM IPTG, and 1.0% agar). To observe demarcation formation, plates were incubated at room temperature in a dark room and imaged with an Olympus SZX10 microscope at 0.8Â magnification. 115 images were captured at 1 h intervals using a digital imaging system. Strain 1 is DK1622 P IPTG -sitBAI1 (DW2415, which is isogenic with DW2447 and contains an IPTG-inducible sitA1 toxin, Tc r ). Strain 2 is DK1622 DsitBAI3 (DW2447; sitA3 toxin cassette deleted, Tc r ). These strains and the plasmid are described in Vassallo et al. (35) .
The edge position of each colony facing another colony was calculated by tracking points on the colony edge using MTrack plugin in ImageJ software. To correct for possible error in edge detection, an average of four such tracks is calculated and the resulting values are smoothed with a movingwindow average using two nearest neighbor points (51 h).
Numerical solution
We solve the ordinary differential equations (Eqs. 1 and 2) numerically using the Runge-Kutta fourth order method with time-step Dt ¼ 0.005 h. We solve the partial differential equations (Eqs. 3, 4, and 5) using explicit forward-time centered-space finite-difference method on a rectangular grid of length 40 mm and height 30 mm, with no-flux boundary conditions. Two circular domains with uniform cell density r(x, y) ¼ 1 with radii r ¼ 2 mm centered at (x ¼ À 5 mm, y ¼ 0 mm) and (x ¼ þ 5 mm, y ¼ 0 mm) are used as initial conditions. The time-step Dt ¼ 0.02 h and space-step Dx ¼ Dy ¼ 0.2 mm were used for numerical discretization. All simulation codes are written in C programming language.
Model parameter estimation
To estimate killing rates, we use competition data between M. xanthus strains A23 and A96 from (18) (using data from the middle panel of Fig. 1A in (18)), and between two P. mirabilis clinical isolates from (22) (using data from Fig. 7 in (22)). In the case of M. xanthus, uniformly mixed population between two strains were competed on hard agar surface within a 50 ml flask for 24 h. Whereas for P. mirabilis, the competition was performed under swarming conditions (cells were spotted at the center of the tryptone soy agar plates for 24 h). The killing rates were obtained by minimizing mean-square error (MSE) between the model results simulating mixed population competition and the experimental measurements under similar conditions at 24 h. We achieve this by varying the unknown parameters (such as killing rates, saturation constant n s , etc.) to find a set of parameter values that minimize MSE ¼ , where N is the number of data points. The known parameters that were used in the minimization procedure and for the simulations are
RESULTS AND DISCUSSION
Estimation of cell contact-dependent killing rates using a model of mixed population competition
To understand the outcome of competitions between kindiscriminatory strains under uniformly mixed conditions, we use ordinary differential equations describing dynamics of two populations. We model cell division with logistic growth function and cell contact-dependent antagonism through a cell death flux proportional to the number of contacts between the cells of two population. The resulting cell death rate is taken to be different for the two strains. As a result we have the following equations for contact-dependent killing between two strains in spatially homogeneous conditions:
Here, g 1 and g 2 are the rates for growth from strain 1 and 2, respectively. The total population size is limited to carrying capacity K; the rates of contact-induced death d 1 / K and d 2 / K are normalized by the carrying capacity for convenience. The above equations have three fixed points (other than unstable trivial one n
2 ¼ KÞ and an unstable fixed point: Fig. S1 A for the phase portrait). The latter unstable fixed point is of particular interest and separates the two stable fixed points, which correspond to the extinction of one of the two strains. Competition starting with initial proportion on the opposite sides of this fixed point (or above and below this ratio) would lead to the fixation of different strains.
Dynamics of competition have been quantified for both M. xanthus (18) and P. mirabilis (22) bacteria (see Model parameter estimation in Materials and Methods for bacterial strains and experimental conditions). By comparing the competition outcome from the above model with the experimental measurements under similar conditions (as shown in Fig. 2 (22) . Our analysis shows that the killing rates or the strength of contact-dependent interaction are highly asymmetric for M. xanthus and unidirectional for P. mirabilis. Hereafter, we refer to the strains with stronger killing and weaker (or no) killing as ''stronger strain'' and ''weaker strain,'' respectively.
In the case of P. mirabilis, our model fitting reveals that the competition outcome between the strains in the experiments (points in Fig. 2 B) is less pronounced compared to the competition in the model (dashed line in Fig. 2 B) when the ratio n 2 / n 1 is less than 10 3 . This result indicates that the killing by stronger strain n 1 saturates when its proportion exceeds a threshold value. Incorporation of such saturation in the killing rate results in a new model (which generates the solid line in Fig. 2 B and follows the experimental data) that replaces the equation for population n 2 in Eq. 1 by
where all parameters are kept same. The value of saturation constant, n s ¼ 0.05 Â 10 6 , which fits the experimental data suggests the saturation in killing rate occurs when the initial ratio of n 2 / n 1 z 20. The biological basis of this saturation effect in killing is unclear. It could be an outcome of an unknown constraint in morphological transition between cellular states, i.e., from long cells to round cells that mediate killing in P. mirabilis or of a limitation in contact-dependent interactions due to the physical restriction of the number of cells that a single cell can interact on a solid surface. Studying the effect of these interactions on the competition dynamics is beyond the scope this study. Therefore, we restrict ourselves to the above phenomenological model that successfully explains the experimental competition data.
Interacting colonies form moving demarcation line in a model with logistic growth and random motility
In the previous section we showed that the contact-dependent killing between two strains is highly asymmetric, yet this is at odds with experiments where a stable demarcation line emerges instead of the stronger strain overtaking the weaker strain, as in homogeneous conditions. To understand this, we study colony expansion of two spatially separated strains by extending our cell contact-dependent killing model into spatial dimensions and explicitly considering cell movement. The source of such movement could be individual cell motility (41) or mechanical pressure generated due to cell division (42) . We first examine this model equation (and the other models presented below) for M. xanthus, as all the model parameters are available in the literature (18, 41) . The similarity between model equations for the two bacteria suggests that the results will be qualitatively similar for P. mirabilis. Hence, we discuss the demarcation line patterns for P. mirabilis in the Supporting Material. We note that discrimination or nonmerging between the different kin of M. xanthus occurs under a wide range of nutrient conditions, which is known to support different modes of cell motility (S-motility (41, 43, 44) on soft agar surface and A-motility (44-47) on hard agar surface). These observations suggest that the exact mechanisms of cell motility might not be an important factor in deciding discrimination between strains. Therefore, we opted to model cell movement via phenomenological diffusion term, which has been extensively used to represent cell motility in many reactiondiffusion systems and competition models (25, (48) (49) (50) . As a result, the following equations describe expansion of two M. xanthus colonies: where r 1 ¼ n 1 / K and r 2 ¼ n 2 / K are the normalized densities of strains 1 and 2 respectively. We note that similar equations have been used before to study antagonistic interactions between discriminating strains (48, 49, 51, 52) . Equations for P. mirabilis would have similar motility terms but asymmetric saturating death rate (as in Eq. 2).
We solved these equations in two dimensions and the results from the numerical time evolution are shown in Fig. 3 A. Initially, at t ¼ 0, we start with the two colonies isolated in space separated by a fixed distance. With time, these colonies expand and approach each other with an expansion rate given by c ¼ 2 ffiffiffiffiffiffi Dg p (53). As the colony fronts meet, a demarcation line is formed due to cell contact-dependent death. At a later time, this demarcation line moves toward the weaker strain (r 2 in Fig. 3 A) . To quantify the movement of the demarcation line, we compute the advance of colony front position (toward demarcation line) of the populations over time, which is plotted in Fig. 3 B. Numerically this is defined as the position x, where r(x, y ¼ 0) ¼ r* at a given time t (we have used r* ¼ 0.05 for Fig. 3 B and r* ¼ 0.1 for Fig. 3 B inset) . The demarcation line moves as more cells of strain 2 (the weaker strain) die, and cells of strain 1 move and grow back to the carrying capacity K in their place. This movement is slower (depends on killing rates, see Fig. S1 B) than the rate of colony expansion c when the population moves into unoccupied territory where it can grow without competition. Therefore, each strain will expand faster in the directions away from demarcation line. As a result, the demarcation line will never catch up with the expansion and one strain can never eliminate another one.
The movement of one strain into the region previously occupied by another strain is analogous to swarming of M. xanthus over an E. coli colony, where M. xanthus kills and utilize the lysed cells as a source of their nutrient (54) . However, such movement of the formed demarcation line has not been previously reported for any swarming bacteria displaying kin discrimination. Because time-lapse microscopy is rarely used to study competition, it remains to be seen whether such movement takes place. On the other hand, the movement of the demarcation line could be an artifact of our modeling assumptions. Logistic growth law in the model equations allows subsequent regrowth of one strain in place of another, therefore, the winning strain is always expanding its territory. However, in reality, cell growth may be limited by nutrient supply and thus neither of the strains would be able to grow once the nutrient supply is exhausted. We investigate this scenario below.
Stable demarcation line forms between interacting colonies in a model with nutrientdependent growth and motility
To investigate the effect of nutrient depletion on the demarcation line formation, we updated the above model introducing an explicit nutrient concentration field N. The nutrient can diffuse at rate D N across the plates and get consumed by both strains as they grow. Cell growth rate is then based on nutrient availability (via Monod growth function g[N] ¼ g 0 (N / (N þ N 0 ) ), where N 0 is the nutrient concentration where growth rate is half-maximal) at a given position. The resulting dynamics is governed by the following equations:
By solving these equations, we observe the formation of a demarcation line when the two colonies come in contact (Fig. 4 A) . Similarly to the previous model, the demarcation region gradually moves toward the weaker strain. However, in contrast to the previous model, here the movement of the demarcation region occurs only due to cell motility and therefore proceeds at a much slower rate when all the nutrients are exhausted (Fig. 4 B) . At longer times, for a finite system (e.g., fixed sized growth plates used in experiments), we expect the cells to keep on interacting until the weaker strain becomes extinct. Hence the inclusion of nutrientdependent growth rate is insufficient to achieve a stable demarcation line. The formed demarcation line between the colonies moves (Fig. 4 B) because the underlying model considers cell movement independent of nutrient conditions. However, the lack of nutrients may slowdown cell motility (37, 38) . For example, in S. typhimurium, single colonies did not expand on very low glucose (below 2 mM) concentrations. As a result, even for two identical strains, a small region devoid of bacteria (visually similar to demarcation line) was observed due to exhaustion of glucose (37) . The absence or slowdown of swarming motility at very low nutrient conditions has been also reported in P. mirabilis (40) and M. xanthus (39) . These observations led us to explore the effects of inhibition of cell motility upon nutrient depletion. To understand whether motility slowdown at low nutrients could stabilize the demarcation line, we include nutrient-dependent motility in the model equations:
For simplicity, we consider cell motility to be nutrientdependent via simple Heaviside step-function D½N ¼ D 0 HðN À N 0 Þ, i.e., cells stop moving once the nutrient density is below a threshold value N 0 (for simplicity, we assume this to be the same as N 0 in the growth function). The numerical solution of the above equations starting with two initially spatially separated colonies is shown in Fig. 5 A.
As the colonies meet, a demarcation line is formed between the colonies. At later times, each colony grows in size while the demarcation line remains fixed as shown in Fig. 5 B.
Under similar conditions, we observe a transient merger of colonies of P. mirabilis on their contact before a demarcation line forms (Fig. S3 C) . This is due to the rapid movement of P. mirabilis cells (its diffusion rate is z 35 times that of M. xanthus), which obscures the effect of cell death until nutrients become limited. The resulting patterns formed in each model are quite distinct, but to the best of our knowledge, no time-lapse data on the demarcation line positions have been reported in the literature. The only quantitative dynamic measurement reported in the kin discrimination literature is the number of dead cells during demarcation line formation. It has been reported that after the initial contact between P. mirabilis swarms, the fraction of dead cells first increases between 2 and 4 h and then decreases at 8 h (22) . We hypothesized that this data can be used to discriminate between different models of demarcation line formation, as in Eqs. 2, 3, 4, and 5 (a stable demarcation line forms between interacting colonies in a model with nutrient-dependent growth and motility). To this end, we compute the total number of cell contacts (a quantity proportional to cell death flux (d 1 þ d 2 )r 1 r 2 , see Supporting Material for further details) in a fixed region around the demarcation line for the different models. Our results show distinct temporal dynamics of the number of cell deaths in different models (see Fig. S3 for details) . Interestingly, the scenario that is qualitatively consistent with experimental behavior (i.e., the number of dead cells reported in Table 2 in (22) and the shape of the demarcation/Dienes line shown in Fig. 2 in (22) ) is seen in the nutrient-dependent growth and motility model. In this model, we observe the number of interstrain cell contacts to increase initially during demarcation line formation, and decrease later as cell movement and growth slows down. These observations further suggest that motility slowdown is essential for the formation of a stable demarcation line.
The demarcation line moves transiently before coming to a stop, depending on the initial separation between the colonies
The results in the previous sections suggest that cell-cell contact-dependent killing between antagonizing strains forms the demarcation line between two colonies. The formed demarcation line is stabilized by a slowdown in cell motility and growth caused by nutrient depletion. We reasoned that depending on the initial separation distance between the colonies cells may or may not deplete nutrients in-between them by the time they reach one another and initiate contact-dependent killing (37) . Therefore, the initial separation distance between the colonies might determine when the slowdown of cell motility and growth occurs, and influence the formation of the demarcation line. To explore the dynamics of demarcation line under these conditions, we used our model to investigate their formation for different initial separation distances between two colonies. We observed that the demarcation line formed between two colonies spotted nearby moves transiently in the direction of the weaker strain before coming to a stop (Fig. 6 A) . The movement of demarcation line is due to the continued killing by the stronger strain in presence of nutrients. As an effect of this killing, the colony edge of the weaker strain retracts after the formation of the demarcation line. In contrast, when two colonies are spotted at intermediate initial separation, a demarcation line forms and remains stable without any movement (Fig. 6 B) . Furthermore, two colonies starting with large initial separation deplete the diffusing nutrients between them faster and never interact to form a demarcation line (data not shown).
To test these model predictions, we experimentally investigated the formation of the demarcation line between two M. xanthus strains (see Materials and Methods for strains used and experimental procedure), where only one strain kills another through outer membrane exchange of a toxic protein. We recorded time-lapse movies of colonies merging between two strains placed at different initial separation distances at 30 min intervals for 100 h. Consistent with our model predictions, we observed that colonies separated at a large distance (z 8 mm) expanded slowly in the region between them, possibly due to nutrient depletion, and never interacted during the experiment (see Movie S1). In contrast, when the identical colonies were separated by very small initial distance (z 0.7 mm), a demarcation line formed and moved transiently (the weaker strain colony retracts) (Fig. 6 , C and E; Movie S2). This result is consistent with our model, predicting the movement of the demarcation line after 18 h (Fig. 6 A) , presumably because of nutrient depletion. In the intermediate separation distance (z 3.5 mm), a demarcation line formed and remained stable, i.e., showed little movement (Fig. 6, D and F ; Movie S3). Further, in the case of Fig. 6 C and Movie S2, the two colonies merged on contact for a period of z 10 h (z 20 À 30 h before a demarcation line formed). The delay is an effect of slow cell death caused by the accumulated toxins (29, 35) in the dying strain over time, a feature that is not captured in our model, which assumes instantaneous cell death. We note that in our model, the initial separation between the colonies where a transient movement of demarcation line is seen (Fig. 6 A) is $5-fold higher than that empirically determined (Fig. 6, C and D) . This difference could be due to the difference in the rate of colony expansion in the model versus the experiments (expansion rate c model ¼ 0.06 mm/h and c exp z 0.025 mm/h) and/or difference in nutrient conditions (e.g., level of nutrients and their diffusion rate). However, importantly and consistent with our model predictions, we observed demarcation line retrieval into the weaker colony only when they were inoculated at a close distance. This agreement between our model predictions and experimental findings validates our hypothesis that nutrient-depletion mediates motility and growth slowdown stabilizes demarcation line formation. 
CONCLUSIONS
In this article, we develop reaction-diffusion models to explain patterns of kin discrimination between antagonistic colonies growing on a solid surface. First, we identify the potency of antagonistic interactions between two natural isolates of M. xanthus and two clinical isolates of P. mirabilis, by comparing the experimental outcomes of their competition with the results of a simple population dynamics model under spatially homogeneous conditions. We found the antagonistic interactions in these bacteria to be highly asymmetric or unidirectional, i.e., contact-dependent interactions mainly lead to cell death in only one strain. Next, using the obtained cell interaction parameters, we constructed several reaction-diffusion models for colony expansion. In these models, we assume that cells of both populations have the ability to identify self versus nonself cells through appropriate recognition mechanisms, and hence only the interactions between the nonidentical cells result in cell death. Using these models, we studied the formation of the demarcation line between two approaching colonies. In the first model, we considered simple logistic growth for the cells of the two populations, which led to a decrease of one population due to strong killing behavior by the other population. This model failed to produce a stable demarcation line. The resulting demarcation line was continuously advancing due to the elimination of the weaker population and the subsequent growth expansion of the stronger strain. Next, we modified our model to include the effect of nutrient depletion on cell growth, but the resultant model also failed to produce a stable demarcation line. Finally, based on recent experimental observations on merging of identical colonies (37), we hypothesized that nutrient depletion also reduces cell motility and thus may play a role in the formation of a stable demarcation line. Indeed, the resulting model successfully reproduced all the key observations from previous experiments. The results are in qualitative agreement both with previously reported findings on the number of dead cells at the demarcation line, and with our concurrent experiments demonstrating how demarcation line dynamics depends on the initial spacing between inoculums.
In conclusion, our mathematical modeling makes the first attempt, to our knowledge, to consolidate existing experimental knowledge of kin-discriminatory interactions in swarming bacteria, and successfully explains several features of demarcation line formation. Our major conclusion is that formation of a stable demarcation between growing bacterial colonies requires a slowdown of both motility and growth in regions between approaching colonies. The mechanism of motility slowdown could be different. For instance, it could arise from a phenotypic transition to a nonmotile state or due to the lack of energy to drive motility caused by low nutrient levels, or accumulation of metabolites that block motility in sufficiently high concentrations.
For example, identical colonies of P. dendritiformis avoid merging by undergoing a phenotypic transition from a motile rod state to an immotile coccus (but vegetative) state on sensing a diffusible signal (26, 27) . In another study with P. mirabilis, binding of identity proteins, which mediate self-recognition, failed when swarms of nonidentical strains met, thus forming a demarcation line (55) . Our model can be easily adapted to include these various mechanisms for contact-dependent killing and motility slowdown, and be used to explore how these mechanisms affect demarcation line dynamics. Further, our modeling results can also be extended for studying contact-dependent killing used by other bacteria to eliminate competing strains (31, 32, 34, 56) .
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